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Chapter 1: The role of transition metal ions

Abstract
Metal ions are essential to maintain biological life.1 Transition metals, such as iron and
zinc, are needed to ensure proper growth, development, and reproduction.2 The partially filled d
orbitals determine the chemical properties of transition metals. The five orbitals of the d shell,
regardless of what element, have the same shape and designation.3 This specific shape, an
octahedron or tetrahedron, gives transition metals the ability to have variable oxidation states and
form compounds with catalytic activity.4 Transition metals often participate in oxidation-reduction
reactions, where the transfer of electrons is largely responsible for the biological significance,
especially for iron (Fe). The different oxidation states of Fe, Fe2+, Fe3+, and total Fe, affect its
ability to dissolve in acidic media. A source of iron dissolution into the environment are
combustion particles in the atmosphere that partition down in precipitation. Little is known about
the effects of anthropogenic aerosols on climate because they have different geographical factors,
combustion sources, mineralogy, and physical characteristics. Hence, two combustion particles,
lime kiln dust (LKD) and Lithuanian bottom ash (LBA), were investigated to further understand
the effect pH has on iron dissolution from 1 to 4 and the mode of dissolution. The particles
originated from similar fuel sources, so it was expected the composition will be similar, but not
necessarily the speciation and dissolution. The quantification of zinc was also conducted using
analytical techniques to improve previous methodology. Various techniques were considered, and
through careful consideration, graphite furnace atomic absorption spectroscopy was the preferred
instrument. This improved method was then applied to biologically relevant samples to understand
the role of Zn in cancer development.
7

Iron mobility from combustion aerosols
Iron is the most widespread and important transition metal for life.1 It participates in crucial
biogeochemical processes, like oxygen transport and oxidation-reduction reactions. Some living
organisms also store and transport iron directly.5 For humans, iron is stored in an insoluble form
in the liver, spleen, and bone marrow. Bacteria use haem, haemoglobin or the haemopexin–haem
complex as a direct source of iron.6 For marine life, iron is a limiting nutrient that is required for
metabolic functioning.7-9 Specifically, Fe2+ is bioavailable and a key limiting nutrient in open
oceans.10,11 Within the marine and lake boundary level, it has been shown that iron leaching leads
to phytoplankton blooms in both salt and fresh water. 12,13 While iron is not solely responsible for
high nutrient condition in the marine atmosphere, it is biogeochemically important because it
permits significant drawdown of surface carbon dioxide (CO2) in phytoplankton’s blooms.
Processes such as these are important in regulation CO2 by the oceans, as phytoplankton consumes
CO2 though photosynthesis, becoming a sink of atmospheric CO2 with the concomitant effect in
climate change. However, solubility of iron requires highly acidic pHs. Since the pH of the ocean
is alkaline (pH ~8), iron solubility leading to the bioavailable Fe2+ takes place during atmospheric
transport, where the deliquescent layer of tropospheric aerosols is highly acidic. Despite the
importance of iron mobility in ecological and climate systems, little is known about its sources
and the influence of human activities in the total environmental budget of iron.

14-16

Due to the need of an acidic media, the main source of environmental iron comes from the
atmospheric processing of atmospheric aerosols. Aerosols are microscopic solid or liquid particles
that are suspended in air.17 Within the atmosphere, there is a variety of sources for aerosols. Some
are natural, such as dust, volcanic ash, and sea spray and others are anthropogenic, such as,
combustion products, cement manufacturing, and waste incineration.18 Because iron is the most
8

ubiquitous heavy metal in the Earth crust, most aerosols contain iron-components, such as iron
oxides, iron-based feldspars, and other minerals, making aerosols a significant source of iron,
especially in open oceans. The sources of iron for life on Earth changed dramatically from the 20th
to 21st century. 19 Recent studies have shown that in pre-industrial times, the major source of iron
depositions was from dust dominant aerosols (Figure 1.1). Now, in the 21st century, the major
source of iron depositions is from anthropogenic aerosols. Anthropogenic aerosols are primarily
formed by combustion processes pertaining to fuel burning. These anthropogenic aerosols
eventually land in the ocean or other land masses and have a range of iron concentrations from 5
to 17000 ng m-3.12,19 While combustion particles account for less than 5% of the world’s aerosols,
20

their small size and long lifetime in the atmosphere result in an estimated 50% contribution of

global iron.21 Additionally, combustion particles account for up to 30% of total iron deposited in
the ocean.12,22 It is of concern to environmentalists and chemists to understand the effects these
aerosols have once deposited out of the atmosphere. Thus, two combustion particles, LKD and
LBA, were studied to further understand why the iron solubility is different between the two
because they were expected to be chemically similar. This is different than previous studied done
by Kim et al., where the difference between the particles studied was from the combustion
processes. 20 Here, the sources are similar, a power plant versus a kiln.

9

Figure 1.1 Preindustrial to present-day sources of soluble iron where blue is indicating dust
dominant and orange is indicating anthropogenic dominant a) Source of aerosols in the 20th
century b) Sources of aerosols in the 21st century
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Through direct emission or proper disposal of combustion particles, heavy metals
inevitably leach into the environment.23 There have been recent green-chemistry initiatives to
repurpose combustion waste particles into something of value, such as using the particles for water
remediation and soil applications. These combustion particles undergo acidic processing once in
the acidic environment of the atmosphere. This is where the very acidic aerosol deliquescent layer
leaches heavy metals, including iron. Similarly, this processing has been proposed for polluted
underground water and acidic soil. Previous studies done by our group and others, indicate that
iron mobility of combustion particles is faster than iron mobility of mineral dust. This suggests
that combustion particles could be a quick way to deposit necessary elements into land or water
masses. In other words, they could be repurposed as a quicker mode to deliver needed nutrients to
crops in the form of fertilizer.22,24-32 The ability to mobilize iron in environmentally relevant
conditions relies closely on the pH and minerology of the particles. The minerology is dependent
on the coal source and the combustion process. It is important to investigate if the particle is fully
combusted or partially combusted, as incomplete combustion can result in particles that are more
complex. The composition of the particles is also dependent on the source of combustion, the type
of ash and where they were collected in the world.20 These variables lead to large gaps in the
understanding of anthropogenic aerosols.
Previous studies have shown that between 5% and 38% of total iron leaches from mineral
dust. 33 In isolated regions of the ocean, bioavailable iron is more likely to come from atmospheric
particulate matter deposition.34-36 Knowing that the pH of the ocean-atmosphere interface is
approximately 8, there is no dissolving of iron-containing materials from the atmospheric particle
depositions, suggesting that iron is mobilized in the acidic atmospheric environment.12,37,38 This is
in accordance with other studies about how the dissolution is driven via proton-proton mechanisms

11

and chelation processes.

12,33,39,40

In other words, under acidic conditions, Fe2+ leaches off

tropospheric aerosols.41-43 Iron leaching has been linked to phytoplankton growth in the marine
boundary level and plankton growth in fresh water. 13,44,45 The carbon cycling that is modulated by
CO2 sequestration and heavily influences global climate is affected by the stimulated plankton
growths.13,46 This cycling heavily influences global climate; therefore, is directly affected by
aerosols. For example, the ability of aerosols to deposit iron in marine environments has been
shown to increase biological activity by one third the carbon export in the world’s oceans.37,47 This
is indicative of the importance the iron dissolution from combustion aerosols is to the environment.
In recent years, the mobilization of anthropogenic atmospheric iron particles has been
found to be a climate forcer with an estimated radiative forcing (RF) of 21 mW m−1 globally. 19
Radiative forcing is commonly used within atmospheric chemistry to quantify the potential climate
impact of aerosols. It can be defined as a change in the Earth’s radiation balance because of a
disturbance that can be natural or anthropogenic.48 Radiative deforcing can cause an imbalance
that causes the Earth to gradually warm; therefore, contributing to global warming.49 More
specifically, aerosol radiative forcing is the effect of anthropogenic aerosols on the top of
atmosphere (TOA) and its radiative fluxes. Methods such as AOD (or extinction coefficient), SSA
(Single Scattering albedo) and ASY (Asymmetry Parameter) have been used to sequester
information about aerosol radiative forcing.50 These techniques can provide broad information
about the behavior of aerosols within the atmosphere and the effect they have on climate. It has
been seen in previous works done by our lab, that the minerology, place of origin, and mode of
combustion have significant effects on the combustion particle.20,51 Thus, it is necessary to
understand more of the chemical makeup of the aerosol particles to paint a fuller picture of their
effect on the environment.

12

Previous works from our lab indicate the importance of the global location where the
combustion particle was collected and the acid in which it is dissolved in. These experiments
studied a combustion particle called fly ash. This particle is a result of incomplete combustion and
is often expelled through the exhaust pipes of power plants. When comparing fly ashes from
Europe, the United States, and India, if the ashes were dissolved in a reducing acid, HCL, the iron
dissolution mechanism is proton promoted. 20 On the other hand, when dissolved in an oxidizing
acid, HNO3, the iron dissolution is proton and ligand promoted. There is immense variation within
the dissolution of iron depending on the media the ash is dissolved in. Additionally, it has been
found that there is a positive relationship between iron solubility and aerosol acidity.

20,52

These

past works are only scratching the surface of the potential importance of the particle’s minerology,
source of combustion and media that it is dissolved in. Understanding these properties that drive
iron dissolution mechanisms can allow for a greater understanding on oceanic geochemical cycles
and the global climate.
Iron, in its most common ionic states Fe2+ and Fe3+, has redox potential that is biologically
accessible. The microbial reduction of Fe3+ is important for the catalysis of biogeochemical
cycles.53 It is also essential for understanding why it is a limiting nutrient for several photosynthetic
organisms. The transferring of electrons from iron for the mitochondrial respiratory chain allows
for Fe-S cluster (ISC) synthesis.54 All living cells have proteins that create and deliver the Fe-S
clusters. These clusters are required for processes that make an organism alive, such as
photosynthesis, DNA replication and repair, and respiration. Iron-sulfur clusters are also needed
to protect living organisms from the toxicity Fe and S have to the cells themselves.55,56 It has been
shown that mitochondrial iron intake and distribution is related to proper growth and development.
Through the characterization of rice MIT (mitochondrial iron transporter) and FH (frataxin) this
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importance was revealed.57,58 Iron is vital for photosynthesis specifically. It allows for the
formation of enzymes, like cytochromes of the electron transport chain, that are central to
metabolism. In plants, iron is used to synthesize chlorophyll and it is necessary to maintain
chloroplast structure and function.59

Cu-Fe redox cycling
Copper and iron undergo redox cycling. Previous works from the lab indicate that the
presence of Cu+ and Fe2+ are a result of incomplete combustion.20 Cu+ and other non-oxidized
elements, can lead to a copper and iron redox reaction. Therefore, in the presence of Cu+, Fe3+
becomes reduced to Fe2+ as seen in equation 1.1.

Cu+ (aq) + Fe3+ (aq)

Cu2+ (aq) + Fe2+ (aq)

(1.1)

The free energy change of this reaction has been estimated as -59.62 kJ mol-1. Due to the
negative free energy value, this reaction is thermodynamically favored and spontaneous. Despite
the presence of other trace reducing agents, Cu+ is the primary reducing agent that is resulting in
a correlation between Fe and solution-phase copper.60 Recently, our research group has shown that
the presence of Cu in fly ashes can increase the concentration of bioavailable Fe2+, as shown in
Scheme 1.2 20:
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Scheme 1.1 Iron Mobility with ≡Fe2+(s) Representing the Fe2+ content within the aluminosilicate
of Lithuanian kiln dust (LKD) and Lithuanian bottom ash (LBA)

Peroxides and peroxyradicals have effects on the Cu/Fe cycling, but under anaerobic
conditions these effects become negligible, as the absence of oxygen prevent the peroxide radical
concentration to increase significantly. Incomplete combustion can lead to reduced ions, which
can ultimately lead to the formation of a redox pathway that forms Fe2+. This is important to keep
in mind because Fe2+ is bioavailable, meaning it can be absorbed and metabolized through normal
pathways.61 This experiment investigates the Scheme 1.1 one parameter at a time, it is of interest
for future studies to study the direct effects of peroxides.
Under acidic pH’s typical of atmospheric conditions, combustion particles leach iron into
the surrounding aqueous environment. The deliquescent layer of aerosol particles in the
atmosphere is highly acidic, reaching pHs between 1 and 3. Once a droplet is formed through cloud
condensation, pH can increase up to 6, but can continue to show pH as low as 3.8, as shown in
Figure 1.2.

15

Figure 1.2: Global precipitation acidity as determined by the Background Air Pollution Monitoring
Program of the World Meteorological Organization

In this work, we investigated iron mobility from combustion particles in a pH range from
1-4, representative of the pH’s combustion particles encounters during atmospheric transport. In
addition, most soils have a pH value between 3.5-10. 62 Similarly, ash ponds, where combustion
particles get deposited, have a pH ranging from 4-12.63 The upper limit that this experiment tested,
pH 4, can be thought of as the lower pH limit for soil and ponds. This was used as the upper limit
of the pH values tested, since any higher pH, the iron concentrations would be out of the limit of
detection for the methodology used. Figure 1.3 summarizes the hypothesis presented in this Thesis,
where combustion particles leach Fe2+ and Fe3+ through proton promoted mechanisms.
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Figure 1.3 Cartoon representation of the ash particles (Red: LKD; Blue: LBA) studied and the
proton-promoted iron dissolution mechanism

Expanding on previous findings, this section of the work seeks to understand the yield of
the dissolution of iron from two different combustion particles, Lithuanian kiln dust (LKD) and
Lithuanian bottom ash (LBA). In these particles, iron primarily exists in two oxidation states: as
reduced ferrous iron (Fe2+) or as oxidized ferric iron (Fe3+). Fe3+ exists as a solid in much of the
Earth’s near-surface environment because it is characterized by low solubility at circumneutral
pH. 64 As the environment becomes more acidic, the solubility of this iron species increases
because of its ability to act both as a base and as an acid. On the other hand, Fe2+ is considerably
more soluble at a neutral pH and is only stable in oxygen-free environments at a neutral pH. 64 As
a consequence, it is expected that at lower pHs iron leach from combustion particles will be
higher, however the speciation in aqueous phase is unknown. In addition, research done by our
group and others have shown that ash particles can be considered as additive to fertilizers, due to
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the leaching of metal micronutrients. Thus, comparing the yields of iron species leached out of
combustions particles is crucial for understanding the effect of iron in the different biogeochemical
cycles.

Trace elements within the human body

Trace amounts of transition and heavy metals are needed for living organisms. More
specifically, for humans, small amounts of Zn, Cu and Fe are necessary to maintain proper
metabolic functioning. Any shift within the amounts of these metals can cause detrimental effects
to the body due to their toxicity. Mammals do ingest these metals through the diet; however, studies
have shown another source of these metals to be from the inhalation of atmospheric particles. 65-68
As a result of anthropogenic aerosols ending up in soil, the ocean and other water forms, elements
like As, Cu, Fe, Zn, and Pb, have been detected in these places.51,69 Farming, fishing, and reservoirs
for drinking water are a few examples of ways these elements end up in the human food supply,
increasing the chance of biological transport of metals into cells to occur.
Zinc specifically, is an essential element for the body since it catalyzes of more than 100
enzymes, facilitates protein folding, regulates gene expression, immunity, and reproduction.70-73
A deficiency in zinc during growth periods can result in growth failure. Additionally, the
gastrointestinal, central nervous, immune, skeletal, and reproductive systems will be heavily
affected from a zinc deficiency. 74 On the other hand, too much zinc is cytotoxic and prevents the
absorption of other high-importance metals. 75,76 There are other metals, besides Zn, that can cause
severe health implications if concentrations are altered, such as Cu. Cu is an element that is closely
linked to iron levels within the body. Proper levels of Cu allow for normal utilization of dietary
18

iron, including intestinal iron absorption, iron release from the liver and spleen, and iron’s
incorporation into hemoglobin. 77 A bodily imbalance of Cu can result in effects of the metabolism
of cholesterol and glucose, blood pressure control and heart function. Knowing the impacts that a
slight change in trace metal concentration in the body can have on proper functioning, it is essential
to be able to measure the abundance of trace elements in biological samples. More specifically, in
developing organisms there are precise amounts of bioavailable trace elements that are required at
each stage of development. Thus, having a reliable and accurate methodology to determine the
abundance of trace metals is important to understand how these elements effect the development
of cells at different growth stages.
A revised methodology using graphite furnace atomic absorption spectrometry (GFAAS)
was created to quantify the trace elements in cell samples. While, inductively coupled plasma mass
spectrometry (ICP-MS) is a common technique used to analyze ion concentrations in biological
samples, there is a great limitation for this technique: the amount of sample required.78,79 ICP-MS
requires several milliliter samples, which is often unfeasible to collect from cell samples.78 Flame
atomic absorption spectrometry (FAAS) is another common technique; however, its limit of
detection is in the parts per million range (ppm). This range is often higher than the trace metal
concentrations present in the samples.80 These limitations for ICP-MS and FAAS present
challenges when working with small volume samples that have trace elemental concentrations.
Hence, why GFAAS is introduced, and a methodology was developed to quantify trace element
concentrations in biological samples.
Despite GFAAS being the preferred method for trace elemental zinc quantification, there
were difficulties that had to be overcome for this method to work successfully. The calibration
curve was difficult to obtain. It was essential that trace metal grade acid was used for the acid
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wash. If not, the trace elements in the acid would appear in the analysis throwing off the calibration
curve. The calibration curve and samples to be analyzed needed to be run in the same day,
preferably one after another. Due to the time commitment to prepare the sample cups with the
proper dilutions, this proposed a challenge. However, if they were not run, at least, on the same
day, the mini-calibration curve that was run with the samples would not be the same values as the
full calibration curve. When working with trace amounts of metals, in the parts per billion range,
it is crucial to maintain sterile technique and consider all natural sources of trace metals within the
environment the solutions are being prepared, whether that is from reagents or glassware.
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Chapter 2: Effect of pH on iron mobility from combustion particles

Abstract

Recent works suggest that fly ash improves the soil properties in turnip cultivation and rice
paddy productivity.81 This is contrasting with the belief that combustion particles produced from
anthropogenic activities, such as power plants ashes and kiln dust, are byproducts with limited use
and value. Despite the proposed use of ashes as cement stabilizer or an additive in fertilizers, these
combustion particles accumulate in large deposits and ultimately become a material of
environmental concern. In fact, recent studies suggest that a significant fraction of metals in the
environment come from the processing of combustion particles, with nearly 5% of Fe2+ in the
ocean originating from anthropogenic combustion particles. In this study, we carry out a
comparative study of iron mobility and speciation from two different combustion particles: bottom
ash from a coal-fired power plant (BA) and lime kiln dust (LKD), both samples originating from
Lithuania. The iron leach from these materials was investigated in aqueous suspensions, under
environmentally relevant acidic conditions: from pH 1 and 2, simulating the deliquescent layer of
typical atmospheric processing, to pH 4, simulating the processing of particles in acidic effluents
of ash ponds. For these combustion particles, the mobility of bioavailable Fe2+ is significantly
lower than that of Fe3+, as the combustion process tends to increase the fraction of the more
oxidized Fe3+ in the particles. Yet, the low solubility of Fe3+ at pH higher than 3.5 results in a
larger impact in its proton-promoted solubility, with a sharp decrease in Fe3+ concentrations at pH
4. On the other hand, the solubility Fe2+, a known environmental micronutrient, from both BA and
LKD was found to be relatively constant through the range of pH’s investigated. While LKD was
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found to mobilize nearly 20% more iron than that of BA, both samples were found to leach similar
amounts of iron with respect to their surface areas, suggesting a surface driven solubility process.
Overall, this work provides insight in the ability of combustion powders to provide iron
micronutrients under different environmentally relevant acidic conditions.

22

Introduction

Iron is the fourth most abundant element in the Earth’s crust accounts for approximately
5% by weight of the Earth’s mass. Despite this, iron is an essential limiting micronutrient for
oceanic organisms.51 A source of this bioavailable iron for organisms is the dissolution from
aerosols, which supply 5% of the total iron deposited.82 As shown in Figure 1.1, there has been a
dramatic shift in the source of aerosols from the 20th to 21st century. Today, most aerosols are
coming from anthropogenic sources.83 Thus, one can assume that the iron that is deposited from
aerosols, is coming mainly from these anthropogenic aerosols. Other studies have shown that
anthropogenic aerosols can present challenges when trying to determine the radiative forcing.84 In
Figure 2.2, the horizontal axis is showing the radiative forcing of different emissions. A positive
radiative forcing means the emission has a warming effect on climate and a negative radiative
forcing means it has a cooling effect on climate. The vertical axis is listing various emission
particles and drivers that were studied. Looking more closely at this figure, in comparison to other
particles, such as nitrates, halocarbons, and methane, there is a wide range of the radiative forcing
of aerosols. The radiative forcing can be negative (cooling) or positive (warming) depending on
the source of the aerosol. There are gaps within our understanding of the cloud adjustments for
aerosols which can be seen through the large error bar and L (low) confidence level. Cloud
adjustments are used within global climate models and can be defined as the product of the change
in cloud fraction with respect to the aerosol index and the mean cloud shortwave forcing.85 By
deepening the understanding of anthropogenic aerosols through the case study of two ashes (LKD
and LBA), more information about their environmental effects can be determined and the levels
of uncertainty can be decreased.
23

Figure 2.2 Radiative forcing by emissions and drivers from preindustrial time to present day84

The iron found in combustion particles is primarily in the form of ferric and ferrous iron
oxide.16,33,51 Under the acidic conditions studied of pH 1-4, the dissolution of iron will increase by
the dissolution of atmospheric particulate matter

86-88

More specifically, for Gobi desert mineral

dust, there was a deliquescent layer formed at pH values less than 2.86 This layer provides a
potential avenue for iron mobility by enhancing the proton promoted iron dissolution. This will
increase iron dissolution into the aqueous phase.89 The acidic conditions will also stabilize the
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bioavailable Fe2+ over the other oxidation state, Fe3+, due to the oxidation rate of Fe2+ decreasing
as the Fe3+ increases.90,91
This work encapsulates a four-year project studying the dissolution of total iron, Fe3+, and
Fe2+ using the model combustion particles Lithuanian kiln dust (LKD) and Lithuanian bottom ash
(LBA). A full ash characterization of each particle was completed using several analytical methods
such as, x-ray diffraction (XRD), x-ray fluorescence (XRF), and graphite furnace atomic
absorbance spectroscopy (GFAAS). The dissolution experiments were run in acidic HCl media at
least three times for each pH measured. The focus pH values were from pH 1-4, mimicking those
of the atmosphere, the atmosphere ocean interface, ash ponds, and soil.62,63 An iron assay was used
to quantify the amount of iron dissolved in the acidic media (HCl) at each time point. These iron
concentrations were investigated at each time point for both ashes and at the pH values tested.

Experimental Methods

Source Materials
Lithuanian bottom ash (LBA) and Lithuanian kiln dust (LKD) were obtained from a
powerplant in Lithuania. The variety of experimental methods, X-ray diffraction (XRD), X-ray
fluorescence spectroscopy (XRF), Brunauer–Emmett–Teller (BET) theory, and infrared
spectroscopy (FTIR), were completed to fully characterize the ashes.
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Iron Dissolution Experiments
To simulate the conditions of the atmosphere, ash ponds, and soil, the dissolution of iron
species was performed on suspensions of 0.3 g L-1 of the combustion particles in constantly stirred
solutions acidified with hydrochloric acid to controlled pHs set to 1.00 ± 0.05, 2.00 ± 0.05, 3.00 ±
0.05 and 4.00 ± 0.05 (Appendix A.1). The acidic processing of combustion particles was simulated
in a 300 mL custom-built jacketed beaker with an airtight top at 298 K and without solar radiation
(Figure 2.5). The pH was kept constant by adding microliters of concentrated HCl if needed, with
negligible changes in the concentration of dissolved metal. These added microliters to maintain
within the pH range also had negligible effects on the volume. In a typical experiment, aliquots
were periodically taken from the reaction vessel using disposable syringes and filtered through 0.2
μm pore size polytetrafluorethylene filters (PTEE) for iron analysis. Although an important
fraction of iron dissolution takes place within the first 300 minutes, all suspension experiments
were carried out for a minimum of 50 hours to ensure equilibrium has been reached and no further
changes were taking place.

Figure 2.5 Cartoon image of the experimental setup, sampling, and analysis process
To prevent oxidation of Fe2+ by dissolved oxygen once leached from the combustion
samples, all dissolution experiments were carried out in a for oxygen-free atmosphere achieved
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with a continuous flow of 5 sccm of nitrogen above the solution surface.20 This allows for the
analysis of Fe2+ and Fe3+. Prior to the suspension experiment, the acidic solution was deoxygenated
by bubbling nitrogen for 15 minutes. This oxygen-free environment allowed for a better
quantification of both Fe3+ and Fe2+ leached from the combustion samples during the suspension
experiments. In addition, to control the variations in ion strength in the suspension solution as the
dissolution takes place, all acidic solutions were adjusted to 1.0 M NaCl, ensuring a constant ionic
strength all through the experimental time. Iron speciation and quantification started now of
sample loading into the acid solution, defined as t = 0 minutes. As reported in a previous work,
dissolved iron species were quantified using 1,10-phenanthroline, which forms an orange complex
with Fe2+ with an absorbance band at 510 nm.20 Total dissolved iron was quantified in the same
samples by adding hydroxylamine to reduce all Fe3+ to Fe2+ prior to phenanthroline complexation.
The presence of a reducing agent, HCl, allowed for the quantification of total Fe (Fe2+ and Fe3+).
To find the amount of Fe3+ present, the Fe2+ was subtracted from the total Fe (Scheme 2.1). The
absorbance measured via the colorimetric method was converted into concentrations using
aqueous standards prepared from anhydrous ferrous chloride (Sigma-Aldrich). All colorimetric
measurements were performed in at least triplicate measurements using a Lambda 35 Perkin-Elmer
UV/Vis spectrophotometer (Appendix A.2).
When investigating the iron dissolution from two combustion particles, a kiln dust (LKD)
and bottom ash (LBA), it was desired to understand the mode of dissolution. The first hypothesis
tested was that the iron leeching was driven by the amount of bulk iron available. Thus, the Fe2+,
Fe3+, and total Fe concentrations were normalized to the bulk iron (Figure 2.6). The bulk iron for
each particle was found by conducting an acid microwave digest in an ETHOS microwave
digestion system. As reported in previous work, approximately 0.1 g of combustion samples were
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acid digested in a mixture of 5 mL HNO3 and 3 mL H2O2. 20 The samples and HNO3/H2O2 mixtures
were placed in sealed Teflon vessels and microwaved in an ETHOS microwave digestion system
for a two-stage digestion method used for similar combustion particles (Appendix A.3).
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It is

essential for the acid digest that all preparation is done in a hood. The student must be wearing
thick pants, gloves, safety goggles, close toed shoes, hair tied back, and a lab coat. It is
recommended that scrubs are used. Prior to conducting this digest, a training going over safety and
methods, with instrument specialist Lisa Quimby, is required.

Scheme 2.1 Methodology using an ortho-phenanthroline indicator for determining the
concentration of Total Fe and Fe2+
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Results and Discussion
Ash Characterization
Surface areas for all combustion samples were determined using an eleven-point N2-BET
adsorption isotherm, acquired with a Quantachrome Nova 1200 surface area analyzer. The samples
dried under vacuum overnight prior to the surface area measurement. This ensures that there will
be no excess water coating the surface providing an overestimate of the surface area. The surface
area for LKD was 6.3 ± 0.8 and for LBA was 3.2 ± 0.6 m2 g-1.
Bulk metal composition analysis (SI) of combustion powder samples was carried out using
a Bruker Tracer III SD X-ray fluorescence spectroscopy (XRF) (Table 2.1). For a more accurate
measurement of total iron content in the two samples investigated here was achieved via Atomic
Absorption Spectroscopy (AAS) using a PerkinElmer AAnalyst 800 spectrometer (Appendix A.4).
Table 2.1 X-ray fluorescence spectroscopy (XRF) results for Lithuanian kiln dust (LKD) and
Lithuanian bottom ash (BA) in percent composition. Main oxides are defined here by > 1.50%
composition for LKD and LBA. Trace oxides are defined by < 1.50% composition for LKD and
LBA. Aluminum and silicon are not reported as they fall out of the dynamic range of the XRF.
Main oxides

%Sr

%K

%Ca

%Fe

LKD

2.10±0.003

1.70±0.01

86.62±0.02

4.81±0.01

LBA

1.67±0.02

8.68±0.01

75.57±0.02

5.03±0.03

Ultra-trace oxides

%Ti

%Zn

%Cu

%Ni

LKD

0.44±0.01

0.60±0.02

0.73±0.01

1.26±0.01

LBA

0.49±0.01

0.60±0.03

1.03±0.01

1.25±0.01

The mineralogy of the samples was investigated using X-ray diffraction (XRD) and
infrared spectroscopy (FTIR). In Figure 2.3, XRD patterns of the samples show structural and
compositional similarities between the two samples. Both LKD and LBA show an important
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fraction of mullite (3Al2O3·2SiO2), typically formed during the combustion of clay components of
coal. In addition, diffraction patterns due the presence of calcium feldspars, quartz (SiO2), and
traces of hematite (Fe2O3), and magnetite (Fe3O4) can be observed. Finally, a clear diffraction
pattern for calcite is observed in both samples, suggesting an incomplete combustion of the
samples.

Figure 2.3 Left: Representative micrographs of combustion samples. (A) Lithuanian kiln dust
(LKD); (B) Lithuanian bottom ash (LBA). Right: X-ray diffraction characterization of combustion
samples. (A) LKD; (B) LBA. XRD legend: Q-quartz; M-Mullite; H-Hematite/Magnetite; FFeldspar; C-Calcite; O-Copper(I) oxide.

The incomplete combustion seen in these combustion particles, has been seen in previous
works done by the lab when study fly ash.20 A full combustion will convert all calcite (CaCO3)
into calcium oxide, removing all carbonate from the powder sample as shown in Equation 2.
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CaCO3 (s)

CaO (s) + CO2 (g)

(2)

Mullite and silica have been seen to follow a proposed two-step mechanism during
combustion, where kaolinite (Al2O3·2SiO2·2H2O) forms metakalin (Al2O3·2SiO2) as shown in
Equation 3. With further combustion, metakalin is converted to mullite as shown in Equation 4.
Al2O3·2SiO2·2H2O (s)
3(Al2O3·2SiO2) (s)

Al2O3·2SiO2 (s) + 2H2O (g)
3Al2O3·2SiO2 (s) + 4SiO2 (s)

(3)
(4)

From this proposed mechanism, the loss of well-crystallized aluminosilicate clay minerals
leads to mullite and silica. This process has been suggested to decrease the stability of the overall
mineralogy, leading to faster dissolution rates in acidic media. 93
These main oxide reactions also support the observation that Fe3+ is the most predominant
form of iron within fly ash. It is important to recall that our particles are not necessarily fly ash,
however, based on the ash characterization and iron dissolution trends, they are comparable. Fe3+
is the most common oxidation state because combustion favors the formation of Fe3+ over Fe2+ in
an oxidation environment.94 The higher amounts of Fe3+ observed has been supported by it being
a result of complete combustion of pyrite (Fe5/4S) and magnetite (Fe3O4). Pyrite and magnetite are
common compounds found in coal and combust through the following proposed two-step
mechanism as shown in Equation 5 and Equation 6. 95

4
5
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Fe5/4S (s) + 15 O2 (g)

1
3

4

Fe3O4 (s) + 5 SO2 (g)
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(5)

1

Fe3O4 (s) + 4 O2 (g)

3
2

Fe2O3 (s)

(6)

The presence of a carbonate minerals in the samples have important implications in the
environmental processing of these samples, as they will react with the acid deliquescent layer
characteristic of atmospheric water and ash reservoirs. This observation agrees with the scanning
electron microscopy (SEM) micrography analysis, which shows amorphous rock-like particles in
the samples, indicating incomplete combustion. While both samples are not fully combusted, LKD
samples show some spherical particles formed during a highly efficient combustion process. This
is an indication of LKD is further combusted than LBA (Figure 2.3).

The presence of mullite and calcite was confirmed via total attenuated reflectance infrared
spectra (ATR-FTIR) of samples, as shown in Figure 2.4. Vibrational scans were collected with a
single beam Perkin-Elmer FTIR spectrometer, equipped with a ZnSe ATR element and a
DLaTGS/KBr detector. Typically, samples were vacuum dried overnight at 373 K before analysis
with 100 scans average at a resolution of 4 cm-1 over the full spectral range extending from 800 to
4000 cm-1. There is a noticeable band around 1410, cm-1 which is characteristic of carbonates.
Carbonates are an essential part of this proton-promoted reaction because carbonates react with
acid and further break down particles, making the solubility faster. Additionally, there’s an OH
peak seen at 3647 cm-1. This peak, while normally broad because hydrogen bonding, is isolated.
This is a result of the particles being a dry particle, so less hydrogen bonding is present. The OH
will interact with the aqueous phase, allowing water to bind to the surface. Therefore, increasing
the deliquescent layer and a thin layer of water with hydrogen bonding will be formed.
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Figure 2.4 Attenuated total reflection–Fourier transform infrared (ATR-FTIR) spectra showing
LKD (A, red) and LBA (B, blue) samples. The inset shows a magnified view of the spectral region
from 2000 to 750 cm−1.

A comparison between particles is carried out by looking at the thermally controlled
concentrations, once the system is at equilibrium. In the case of these experiments, iron
concentrations after 250 minutes of dissolution ensure that the system has reached equilibrium.
Within the graphs of Figure 2.6, when comparing LKD (left column, A to C) and LBA (right
column, D to F) values normalized to the bulk ion available there are statistically different values
of iron. At pH 2, however, LKD show a higher solubility of iron than LBA, a trend that continues,
with LKD showing a higher leaching of iron than LBA. There is ∼20% less iron at pH 3 and pH
4, in comparison to pH1 and pH 2 for Fe3+ (B+E) and total Fe (A+D). However, for Fe2+, this is
not observed. This trend suggests that bulk iron available is not the determining parameter in the
iron dissolution from these two samples. While low, the concentration of aqueous Fe2+ levels at
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pH 1-4 are statistically the same. This indicates that the bioavailable Fe2+ dissolution, is not
affected by the pH.
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Figure 2.6 Fraction of Fe species dissolved from combustion samples at pH = 1.0 (blue circles),
2.0 (red circles), pH = 3.0 (pink circles), and 4.0 (green circles). A-C (Left column): LKD; D-F
(Right Column); LBA; A+D: total iron (Fetotal=Fe2++Fe3+); B+E: Fe3+; C+F: Fe2+
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The differences between iron mobility within the two samples, observed as pH increases,
was also examined with respect to the surface area of the particles. Similarly, to the normalization
to the bulk iron available, the aqueous iron concentrations were normalized to the BEST surface
area of each powder (Figure 2.7). As mentioned in the Ash Characterization section, specific
surface areas of LKD and LBA powders were found by using an eleven-point N2-BET adsorption
isotherm, acquired with a Quantachrome Nova 1200 surface area analyzer. A comparison at the
equilibrium concentrations of iron normalized by surface area, Figure 2.7, shows that there are less
differences in pH, especially at pH 1 and 2. Thus, it can be inferred that, at high concentration of
H+, surface area is the driving force of the iron dissolution. Proton promoted dissolution effects
surface iron mostly. As seen in Figure 2.6, there is ∼20% less iron at pH 3 and pH 4, in comparison
to pH 1 and pH 2 for Fe3+ (B+E) and total Fe (A+D). However, for Fe2+, this is not observed. While
lower, the Fe2+ concentration levels at pH 1-4 are statistically the same. This further indicates that
the dissolution of bioavailable Fe2+ is affected less by the pH for the two samples tested in this
work.
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Figure 2.7 Fe species dissolved from combustion samples with respect of BET surface area of
LKD and LBA. at pH = 1.0 (blue circles), 2.0 (red circles), pH = 3.0 (pink circles), and 4.0 (green
circles). A-C (Left Column): LKD; D-F (Right Column): LBA; A+D: total iron
(Fetotal=Fe2++Fe3+); B+E: Fe3+; C+F: Fe2+
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This lesser impact on Fe+2 dissolution is further explored by looking at the timepoint 260
minutes for LKD and LBA at pH 1-4 (Figure 2.8), where solubility has reached a maximum value
and aqueous species are in equilibrium. The solid-colored bars are indicative that for Fe3+ at pH 1
and pH 2, iron dissolution is driven by surface as the concentrations of LKD and LBA are
statistically similar.

Fen+/S.A.

0.16
0.12
0.05
0.04
0.03
0.02
0.01
0.00
1

2

3

4

pH
Figure 2.8 Average Fe3+ equilibrium concentrations (solid) normalized by surface area of LKD
(red) and LBA (blue). Average Fe2+ equilibrium concentrations (striped) normalized by surface
area of LKD (red) and LBA (blue).

As the pH is increased to 3 and 4, there is a different pattern observed. At higher pHs, it
appears that there is slightly more iron for LKD (red) than there is for LBA (blue) even when
normalized for surface area. Here, there is less H+ to drive the solubility, so slight changes in the
mineralogy can be responsible for this slight difference between the two samples. Fe2+, shown with
the striped bars, have statistically similar concentrations regardless of the pH. As the pH is
increased, the number of protons available to promote this mechanism decreases. Up until pH 2,
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there was an excess of protons. Additionally, the solubility of Fe2O3 decreases around pH 3.

96

Thus, there are not enough protons at pH 3 and pH 4 to dissolve any iron into the media. The drop
observed from pH 1 and pH 2 to pH 3 and pH 4 can be attributed to the lack of iron solubility
within the less acidic conditions. This finding adds to the understanding of atmospheric processing.
In atmospheric processing, the pH ranges from 1-2.97 As a rain droplet is being formed, the pH
increases and there are not enough protons to drive iron dissolution. Within clouds, the pH ranges
from 4-5.98 Our study encapsulates atmospherically relevant pHs, focusing on the pH range 1-4.
For the particles studied, the iron solubility decreases mainly at the expense of Fe3+ while the Fe2+
are relatively constant.
Humic acid and fulvic acid have a pKa around 4.5.99 These two acids have characteristics
of soil. When the combustion particles deposit in creaks, rivers, or soil from precipitation, with the
acidity from the water, it is possible to achieve an acidic environment. This acid environment will
result in iron dissolution from the particles. The biological impact of this study is that, even in soil,
Fe2+ will have the same bioavailability, regardless of the pH ranging from 1-4. It is novel
information that the iron does not need to dissolve completely in the atmosphere, and that the
dissolution process can continue once on the ground.
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Conclusion
In the 21st century, most aerosols in the atmosphere are from anthropogenic sources. Due
to this, combustion particles are aerosols of high interest to better understand. By investigating two
combustion particles, a kiln dust (LKD) and bottom ash (LBA), through a complete ash
characterization and experiments that study the effect of pH on iron dissolution, the effect
anthropogenic aerosols have on global climate can be better understood. The ash characterization
using a variety of analytics including X-ray fluorescence spectroscopy (XRF), infrared
spectroscopy (FT-IR), and micrographs, the elemental and chemical composition of the two ashes
studied was determined. The differences in the characterization of the ashes were minimal,
revealing that the composition of the particles was not what was driving the differences in iron
dissolution. Then, iron dissolution experiments were done under atmospherically relevant
conditions with pH ranging from 1-4. When the iron concentrations were normalized to the bulk
iron available, there was still a difference between the LKD and LBA concentrations. Thus,
another hypothesis was tested. It was determined that the iron dissolution process of the
combustion particles was proton-promoted, and surface area driven. As the pH increased from pH
1 to pH 4, for both hypotheses tested, the Fe2+ concentrations remained the same. The bioavailable
iron, Fe2+, dissolution was not pH dependent.
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Chapter 3: Biological implications of trace Zinc concentrations in cancer cells

Abstract
Zinc (Zn) is an essential trace element that plays significant roles in biological processes,
including transcriptional regulation, signaling, and catalysis. There are several ways of quantifying
zinc concentrations in biological samples such as inductively coupled plasma mass spectrometry
(ICP-MS) and flame atomic absorption spectroscopy (FAAS). However, graphite furnace atomic
absorption spectroscopy (GFAAS) method was effective for ultra-trace analysis of Zn, not only
for its low limit of detection (LoD) by the low volumes of sample required. In this section, we
present the GFAAS method development for the analysis of Zn in biological samples, specifically,
HeLa cancer cells. It was hypothesized that ZIP11 (Zrt/Irt-like protein) is a nuclear Zn transporter
essential to maintaining nuclear Zn homeostasis in mammalian cells. The zinc data suggests that
the deletion of the ZIP11 KD (a Zn importer), leads to a senescent state in HeLa cells and a point
to a novel mechanism whereby maintenance of nuclear Zn homeostasis is essential for cancer
progression.
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Introduction
Zinc is a one of the most abundant micronutrients for life. It’s involved in processes such
as cell signaling, transcription modulation, and is a structural component of several proteins.70-73
Under physiological conditions, zinc levels are regulated tightly. Homeostasis ensures that the
body does not have excess zinc which results in the cellular acquisition of other micronutrients,
such as iron. Zinc can enter the body through the diet purposely, but also from contamination of
soil, drinking water, and air pollution.51,69 Some effects of having minimal zinc in the body are
skin abnormalities, hypogonadism, and anemia. 74 Thus, it is relevant to have a reliable method to
quantify amounts of zinc in biological cells.
The quantification of micronutrient levels of zinc posed challenges. There are several ways
to do this analysis, the most common being as inductively coupled plasma mass spectrometry (ICPMS) and flame atomic absorption spectroscopy (FAAS). ICP-MS requires a large amount of
sample (milliliters) which is a limitation of this technique. Additionally, flame atomic absorption
spectroscopy’s limit of detection is in per million (ppm) range. For the samples being studied,
where only a few microliters were obtained, and the zinc concentrations were predicted to be in
the parts per billion (ppb) range and these two methods proposed immense limitations. Therefore,
graphite furnace atomic absorption spectroscopy (GFAAS), that only requires a few microliters
and can detect in the ppb range, was implemented to quantify the amount of zinc in biological
samples.
GFAAS was the preferred technique to quantify the zinc levels, but there were still
challenges presented with this method. Beginning with acid washing the glassware, since the
amounts of zinc that were measured were in the ppb range, it was difficult to obtain a valid
calibration curve. There was contamination on materials such as pipette tips, that were initially
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overlooked. Thus, the protocol for this method was edited to include that any material touching
the sample must be properly acid washed. Additionally, the timing of when the calibration curve
and the samples being tested was important. The mini calibrations that were run to validate the
curve done the previous day, did not match up with existing data. This caused an issue with
reproducibility. It was determined that the calibration curve and samples should be run in the same
day to overcome this discrepancy. Despite these challenges, the previous methodology of
conducting GFAAS was fine-tuned through this work, resulting in an accurate and precise way to
measure micronutrient levels of zinc in biological samples.

Method
Samples
All the cancerous HeLa samples tested for zinc were collected at Wesleyan University,
where biological essays and optical microscopy was carried out. The analysis of Zn on the samples
was conducted at Skidmore College.
Preparation of standards
A standard of 1000 ppb Zn solution was made by using a commercial 1000 ppm Zn solution
with 2% trace metal grade nitric acid in 18 ΩM deionized water. Volumetric flasks and pipette tips
for the standards were acid washed overnight with 5% trace metal grade nitric acid. It is essential
that any materials or glassware that will be in contact with the sample, need to be acid washed
overnight. Standard solutions of 0.1, 0.25, 0.5, 1, 2.5, 4, 5.5, 7 ppb were prepared. To receive the
most accurate calibration curve, the standards should be run immediately before the samples. At
maximum, the calibration could be run in the morning and the samples in the afternoon. It is
essential to have a proper blank reading when running the standards and samples. To obtain a low
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blank reading there needs to be a relatively new graphite tube. It is preferred that there is a new
graphite tube for each semester. Additionally, dry fires need to be run and the tube needs to be
flushed. This will rid the system of any trace elements from previous samples. A matrix modifier,
of 0.1% Mg(NO3)2, was used to stabilize the analyte. When the analyte and matrix are exposed to
the high temperatures within the instrument, the matrix modifier eliminates the matrix and
stabilizes the analyte during pyrolysis. If the analyte level was above the limit of detection, the
sample was prepared again with a dilution factor using 18 ΩM deionized water.
Graphite furnace atomic absorption spectroscopy
Graphite furnace atomic absorption spectroscopy (GFAAS) is a method to determine small
amounts of sample with low concentrations, parts per billion (ppb). The sensitivity of the
instrument allows it to be at the forefront of trace elemental analysis in biological samples.100-102
The instrument’s ability to detect an element depends on the atom and its structure. For trace
amounts of Zn, GFAAS is the superior methodology due to the specific wavelength that pertains
to Zn, 213.9 nm.103 This wavelength that is absorbed and emitted, allows for the determination of
the amount of Zn In the sample. The GFAAS was performed using a Zn lamp with a current 20A
and a 0.7nm slit. The GFAAS used 5 steps to heat up the samples, which consisted of 20 μL of
sample/standard and 5 μL of matrix modifier. This mixture was injected into the furnace. Then,
the furnace dried the samples for 30 seconds at 110°C and 130°C to remove the solvent. Next, the
furnace temperature increased to 700°C for 30 seconds to char the sample. Following this, the
sample was atomized at 1800°C for 5 seconds. Finally, the furnace reached a temperature of
2450°C. This extremely high final temperature allowed for the residue from the sample to be
removed for the next sample to be injected into the furnace.80 For more a more detailed explanation
of the GFAAS method used, please see appendix A.1
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Results and Discussion
A calibration curve was made using standards ranging from 0.1 ppb to 7 ppb. The
calibration curve indicates linearity within a 95% confidence interval (Figure 3.1). The LambertBeer Law, which is commonly used in spectroscopy, relates the absorption of radiant energy with
an absorbing medium.104 This law was used to determine the concentration of Zn present within
the samples.
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Figure 3.1 Calibration curve for Zn standards from 0.1 ppb to 7 ppb versus absorbance with a
stoichiometric correlation of 0.20 and R2 of 0.97.

The limit of linearity (LOL) for Zn for the GFAAS was 2.5 ppb. This pertains to the
maximum concentration of Zn that can be detected within a linear range. Knowing this information
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is critical when analyzing the samples since the sample’s concentration cannot be above that value
of 2.5 ppb. If the analyte value was over the LOL, a dilution was performed, and a dilution factor
was considered for the concentration calculation. The limit of detection was 0.197 ppb. This value
reveals the lowest amount of the element that can be accurately detected.

The graphite furnace atomic absorption spectroscopy (GFAAS) was used instead of flame
atomic absorption spectroscopy (FAAS). For samples with concentrations in the ppb range, the
furnace method is preferred. The flame method is more commonly used for concentrations in the
parts per million (ppm) range.105 In addition, the furnace method allows for the use of an
autosampler, and the flame does not. Within this study there were over 50 samples analyzed with
triplicates of every measurement. It would have been extremely inconvenient to manually hold the
samples to the sampling tube. The furnace autosampler also requires little volume for analysis,
approximately 50 μL. There was only approximately 1 mL of each sample, so completing the
analysis with an efficient methodology was important.

There is another method that is often considered for trace amounts of elemental analysis,
inductively coupled plasma-mass spectroscopy (ICP-MS). ICP-MS is a powerful analytical
technique; however, its major disadvantage is its high capital cost and required high amounts of
sample.78 While ICP-MS is a preferred method for many elements, for Zn specifically, the GFAAS
method provides a better limit of detection than ICP-MS.106 ICP-MS can be used to analyze
multiple elements at one time, whereas GFAAS can only measure one element at a time due to the
specific lamps that are used.107 In this study, only one element was studied so multi-analysis was
not a concern. Additionally, GFAAS requires less volume than ICP-MS analysis and as previously
mentioned, due to small sample volume efficient methodology was required.108 One benefit of
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ICP-MS, however, is its sensitivity. Sensitivity is the ability to differentiate between different
concentrations. Whereas the ICP-MS has higher sensitivity, GFAAS has a better selectivity.
Selectivity is the ability to select specifically for the ion that is of interest. Taking into
consideration ICP-MS’s high cost and higher limit of detection compared to GFAAS, it was
determined that the GFAAS was the preferred methodology for the Zn analysis.

Once the GFAAS technique was improved, the zinc concentration of HeLa cells was
determined. It was hypothesized that ZIP11 is a nuclear Zn transporter essential to maintaining the
delicate Zn homeostasis in mammalian cells. ZIP11 has been proposed to localize in the nuclei
and Golgi. To test the role of ZIP11 in the HeLa cells the zinc concentrations of the wild type
(WT), control (Scr) and two various ZIP11 shRNAs (short hairpin RNA) were quantified. The
insertion of the ZIP11 shRNA was to target gene expression via the RNA interface of the ZIP11
ZIP transporter, the only transporter localized to the nucleus of mammalian cells; however, there
is a gap in the understanding of the cellular role of this protein. The two shRNAs consisted of
reduced expression of the transporter, one targeting the coding sequence (sh-1) and the other the
untranslated (UTR) region (sh-2). As seen in Figure 3.2, the WT and Scr showed similar content
of Zn in whole cell extracts and distributed in the nucleus rather than the cytosol. It can also be
seen that there is a significant increase in whole cell levels of Zn observed in the ZIP11 shRNA-1
and ZIP11 shRNA-2, which accumulated primarily in the nuclei. This information suggests that
the partial absence of this transporter impairs the mobilization of iron from the nucleus to the
cytosol.
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Figure 3.2 ZIP11 is required for proliferation of HeLa cells and regulates nuclear levels of Zn in
proliferating HeLa cells. Whole cell (A) cytosolic (B) and nuclear (C) Zn content determined by
AAS. For all samples, data are the mean ± SE of three independent biological replicates. *P <
0.05; **P < 0.01; *****P < 0.00001.
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Conclusion

For the Zn analysis, a method was developed to obtain an accurate calibration curve. This
curve was then used to determine the Zn concentrations of biological samples. Other methods to
determine trace metal analysis were considered, such as flame atomic absorption spectroscopy
(FAAS) and inductively coupled plasma-mass spectroscopy (ICP-MS). FAAS is a preferred
method for concentrations within the parts per million (ppm) range, not the parts per billion (ppb)
range that the study was working with. Despite ICP-MS’s ability to detect with high sensitivity,
its cost and lower selectivity indicated that GFAAS was a better technique to investigate the trace
concentrations of Zn present in the samples. A revised method for GFAAS was crafted in this to
ensure successful zinc microanalysis in the future. The method was verified by successfully using
the method to quantify zinc concentrations in biological samples.
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Chapter 4: General Conclusion and Future Experiments

Trace elements are essential for human life; however, there is a delicate balance that needs
to be maintained to sustain life. Iron leaches from combustion particles under acidic conditions
that can be found in the soil, rivers, and the ocean. The acidic conditions result in a protonpromoted mechanism that drives the iron dissolution. For both combustion particles studied, it was
found that as the pH increased from 1 to 4, the levels of Fe2+ remained constant, while the Fe3+ and
total Fe levels decreased. The mode of dissolution was not due to the amount of bulk iron, but the
surface area of each particle. For the micro-trace zinc quantification using GFAAS, caution is
necessary when acid washing. All materials that will touch the sample, including pipette tips, must
be acid washed. By using careful technique, the zinc concentration, in the ppb range, of biological
samples can be found and applied to a variety of fields, including cancer research.
Future Experiments for Micro-trace Elemental Analysis
The future experiments for micro-trace elemental analysis include studies about
synthesized semiconductor nanoparticles to further investigate iron dissolution and the
continuation to use the GFAAS method to quantify zinc of biologically relevant samples.
Nanoparticles will be synthesized with known amounts of Fe on the surface. This will allow for a
deeper understanding of the Fe and Cu cycling that occurs by controlling the amount of Fe initially
available. The reverse of this will also be valuable, doping the semiconductor nanoparticles with
known amounts of copper. The concentration of the metals can be quantified using UV-vis
spectroscopy and GFAAS. Additionally, kinetic information from the iron study could be
conducted to comprehend the speed at which the iron is dissolving. There may be a difference in
the kinetics between Fe2+, Fe3+, and total iron that would be of interest due to its environmental
50

implications. The cycling of these two metals is not well understood and studying it can provide
insight into how it affects the environment through iron leeching. The collaboration and zinc
analysis will continue to grow with the development of the Wesleyan University studies. The
method of zinc quantification will be repeated to ensure reproducibility and any necessary
adjustments will be made.
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Appendix

Aerosol dissolution protocol
Scheme A.1 Instructions for setting up aerosol dissolution experiments (SOP0003 Aerosol
Dissolution)

Safety: HCl is corrosive; N2 is compressed gas, UV radiation.
Personal protective equipment: goggles. Lab-coat, nitrile gloves during preparation of acid
matrix. UV protective glasses for daytime experiments
Reagents:
•
•
•

Acid matrix: 1 M NaCl solution, acidified at pH 1.0 with HCl
N2 gas
Aerosol sample: Fly ash

Procedure:
Preparation of acid matrix:
1. Add 116.9 g of NaCl to 1.75 L of DDI water (18 MΩ).
a. Add 17.532 g of NaCl for 300 mL
b. Add 52.596 g of NaCl for 900 mL
2. Add concentrated HCl drop wise until desired pH is reached.
3. In a 2.00 L volumetric flask, fill the solution near the 2.0 L mark and check the pH.
4. Adjust the pH if needed (step 2)
5. Add DDI water to the 2.0 L mark.
Dissolution experiment:
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1. At least 24 hours before experiment is run, acid wash sample cups, a stir bar, and reaction
vessel with 5% HCl
2. Get fresh nitrogen vessel from stock room (best done day prior to beginning experiment)
a. Key is above computer on desk for stock room
3. Add 300 mL of acid matrix and a stir bar to the reaction chamber.
4. Turn on the cooling system and connect one tube to top of vessel and another to bottom
(labeled by color in Dana and on water source in CIS)
5. Bubble N2 gas in the solution for 15 minutes. The flow of N2 should be constant at 1.5
scfh.
6. Move the N2 source above the surface of the solution and keep the constant flow
throughout the experiment.
7. In dark conditions add 0.3 g of fly ash to the reaction chamber (aerosol concentration 1 g
mL-1)1.
8. Keep the reaction in the dark and take aliquots at the desired intervals.
a. Sample times (can begin at any time, just adjust the times accordingly), be aware
there needs to be a sample taken 11 hours after start time
i. 8:00 am
ii. 8:05 am
iii. 8:15 am
iv. 8:25 am
v. 8:35 am
vi. 8:45 am
vii. 8:55 am
viii. 9:15 am
ix. 9:35 am
x. 9:55 am
xi. 10:25 am
xii. 10:55 am
xiii. 11:25 am
xiv. 12:25 pm
xv. 3:25 pm
xvi. 7:25 pm
xvii. 8:00 am next day
xviii. 8:00 am next day
9. For daytime experiments, repeat steps 1-5 with solar simulator.
Emergency response: Following immediate response, contact Skidmore Campus Safety (x5566)
and go to Health Services (Jonsson Tower 1st Floor, x5550) for evaluation and documentation.

1

This is an optimized concentration for fly ash. Optimization is needed for other aerosols
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Data management
Scheme A.2 Instructions for fly ash data management and interpretation (SOP00015 Iron Data
Management In process)
These are instructions to interpret the iron results from SOP0002 Iron analysis
Procedure:
1. When last spectra is run, hit file, save spectra, select all and save to desktop
2. Once on the desktop, move the spectra into the appropriate folder (must save them in an
organized way, differentiating between Fe II and Total Fe)
3. Click on all spectra and on scrap piece of paper record the peak values at 510 nm and 650
nm
4. Next, use the data template file (atmospheric, project- aerosol dissolution, data, HCl data,
dark reaction, LFA, data template)
a. ***Save as over this document, do not make changes to the document
b. The formulas are already in this excel
c. Each semester when a new calibration curve needs to be run, the column F and
column N values will need to be updated (add the y intercept and divide by slope
of calibration curve)
5. Plug in the values from 510 nm in the absorbance column for Total Fe and Fe II
6. Plug in the values from 650 nm under the baseline column for Total Fe and Fe II
7. The Fe III values will automatically populate (Total Fe - Fe II = Fe III)
8. For each ash studied and pH, there will be at least three trials done
a. Create an excel combining all of the trials for the specific ash and pH
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i. Make sure the excel is named so it’s clear what it is and it is in the shared
folder
ii. Requirements for excel
1. Avg Fe II, Avg Total Fe and Avg Fe III from all the trials
2. STD DEV of each trial run
3. Graph the Avg Fe (II, III or total) vs time with STD DEV error
bars
a. To create error bars with STD DEV, go to add chart
element, error bars, more error bar options, custom, specify
value, for the positive and negative select the STD DEV
calculated
4. To see an example, go under LFA folder, BA pH1 and there are
two excel combined data sheets
9. At times, outliers may need to be removed from analysis
a. Collaborate with Professor Navea to learn how to do this!
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AAS protocol
Scheme A.3 Instructions to run fly ash analysis in AAS (SOP0013 AAS Microwave Digest)
Safety: All metal standards are irritants and harmful to physiological health. HNO3 is acidic and
corrosive. H2O2 is a toxic irritant.
Personal protective equipment: A lab coat, protection goggles and nitrite gloves are to be
always worn.
Reagents and Equipment:
• 1000 ppm Standards for Al, Cu, Fe, Mn, Pb and Zn
• 70 % HNO3
• 0.1 % HNO3 (Acid Wash)
• 30% H2O2
• PerkinElmer AAnalyst 800
• Spectro SpectroFlame-EOP
• ETHOS Microwave with reaction vessels
• Volumetric Pipettes
o 1 mL
o 2 mL
o 3 mL
o 4 mL
o 5 mL
o 7 mL
o 10 mL
• Volumetric Flasks
o 10 mL
o 20 mL
o 25 mL
o 50 mL
o 100 mL
o 200 mL
• Buchner Flasks
o 500 mL
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•

Buchner Funnels

Procedure:
A. Digestion Sample Preparation and Acid Digestion
1. Acid-wash all glassware and 4 microwave reaction vessels. Rinse all with
deionized water.
i. Keep vessel caps, jackets and all containers organized with what # stand
they came from.
ii. Need vessels to be multiples of 3 or 5 (for balancing purposes).
1. Add water into extra vessels.
iii. There must be a sample in vessel 1 for the temperature probe to be in.
iv. Create an acid blank.
2. Weigh out three 0.1 g samples of fly ash and transfer each to its own microwave
reaction vessel.
3. Prepare acid mixture in each vessel in the hood:
Vessel Number
1
2
3
4

mL of 70 % HNO3
5
5
5
5

mL of 30 % H2O2
3
3
3
3

4. Seal each vessel and evenly distribute them in the microwave.
5. Program Stage 1 of microwave digestion and activate:
i. Already programmed in as “Navea Stage 1
Step
1
2
3

Time (min)
7
1
35

Power (W)
750
0
500

Temperature (˚C)
110
110
110

6. Take vessels out of microwave and place them in an ice bath for 15 minutes in the
hood.
7. When opening vessels make sure to be in the hood, wear a lab coat, goggles and
gloves as the fumes and liquid are hazardous.
8. Add more acid mixture to each vessel in the hood:
Vessel
1
2
3
4

mL of 70 % HNO3
2
2
2
2

mL of 30 % H2O2
1
1
1
1

8. Seal each vessel, place them back into the microwave and activate stage 2:
i. Already programmed in as “Navea Stage 2”
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Step
1
2

Time (min)
7
30

Power (W)
750
400

Temperature (˚C)
130
130

9. Take vessels out of microwave and place them in an ice bath for 15 minutes in the
hood.
10. Vacuum filter each sample into a 50 mL volumetric flask and dilute to volume
with deionized water. B
B. AAS Flame and ICP Standard Preparation
1. AAS Flame:
Metal
Concentration (ppm)
Pipette (mL)
Flask (mL)
Stock (ppm)
50 (stock)
5
100
1000
0.5
1
100
50
1
1
50
50
Cu
2
1
25
50
4
2
25
50
5
5
50
50
50 (stock)
5
100
1000
1
1
50
50
2
1
25
50
Fe
4
2
25
50
5
5
50
50
10
10
50
50
10 (stock)
1
100
1000
0.2
1
50
10
0.4
2
50
10
Zn
0.6
3
50
10
0.8
4
50
10
1
5
50
10
100 (stock)
10
100
1000
2
1
50
100
4
2
50
100
Pb
10
5
50
100
14
7
50
100
20
10
50
100
2. ICP:
i. Prepare a 5000 ppb multi-element standard by pipetting 1 mL of each
1000 ppm metal standard into a 200 mL volumetric flask and dilute to
volume with deionized water.
ii. Prepare a 1000 ppb multi-element standard by pipetting 5 mL of the 5000
ppb standard into a 25 mL volumetric flask and diluting to volume with
deionized water.
iii. Prepare the rest of the standards:
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Concentration (ppb)
1
10
50
100
2000

Pipette (mL)
0.1
2
5
10
10

Flask (mL)
100
200
100
100
25

Stock (ppb)
1000
1000
1000
1000
5000

C. AAS Analysis
1. Create 5-fold diluted samples for Fe analysis by pipetting 5 mL of each sample
into 25 mL volumetric flasks and diluting to volume with deionized water.
2. Create 50-fold diluted samples for Zn analysis by pipetting 1 mL of each sample
into 50 mL volumetric flasks and diluting to volume with deionized water.
3. Select the methods for each metal with the following protocol:
Metal
Cu
Fe
Pb
Zn

Wavelength
( nm)
324.8
248.3
283.3
213.9

Acetylene Flow Rate
(L/min)
2.0
2.0
2.0
2.0

Air Flow Rate
(L/min)
17.0
17.0
17.0
17.0

Flame Temperature
(˚C)
2800
2800
2800
2800

4. Create individual calibration curves and analyze samples for each metal.
D. ICP Analysis
1. Create 20-fold diluted samples for Fe and Zn analysis by pipetting 1 mL of each
sample into 20 mL volumetric flasks and diluting to volume with deionized water.
2. Create method with the following spectral lines:
Metal
Line (nm)
Al
257.510
Cu
324.754
Fe
238.204
Mn
294.92
Pb
405.783 and 368.348
Zn
213.856

Emergency response (campus phone x5566)
In all cases following immediate response, go to Health Services for evaluation and
documentation purposes. If reducing agent inhaled, go to fresh air. If breathing is difficult, get
medical attention. Ingestion, wash mouth out with water and seek medical attention. If skin
exposure, wash skin with soap and water, go to Health Services for evaluation and
documentation purposes. Eye exposure, flush eyes with water for 15 minutes and seek medical
attention.
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AAS instructions
Scheme A.4 Further instructions to run the Atomic Absorption Spectrometer (AAS)
1. Open argon and air all way, half turn close
2. Turn on computer
3. Turn on instrument with green switch
4. AA syngistixs
5. Wait until everything says idle
6. Check diagnostics furnace and set cycles (don’t start over 600)
7. AAS log excel
1. Lamp- wait until warmed up
8. Lamp setup- turn on appropriate lamp
1. -Green button and lamp #
9. Analysis- method, change method- open
10. Sample info-new
1. -New batch ID
11. Save, save as
12. Method1. Matrix modifier- locations, sampler, autosampler, blank (calibration, std
concentrations)
Analysis- all defined, rebuild list to update
Use sample info and save data be checked, folder to create new one
Check autosampler tip
.

Furnace control - Second one check
Flip down white things, look in mirror

.

-FLIP UP- finish

Lamp setup- energy, put in excel
Flush sample a few times
Flush at end when samples are run
Ready to run
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